I. INTRODUCTION
Iron oxides are ubiquitous as earth abundant materials in heterogeneous catalysts, 1 minerals in the environment, 2 nanoparticulate dust in the atmosphere, 3 and soils. 4 The iron oxide surfaces play a major role in chemical processes ranging from interactions of nitrogen fixation to heterogeneous catalysis. It is, therefore, important to understand the fundamental chemical adsorption and reactivity of precursor molecules that lead to a fundamental understanding of N 2 chemistry.
Magnetite, Fe 3 O 4 , one of the most common forms of iron oxide, is a known catalyst that has different surface sites available for chemical reactions. 2, 5 It has an inverse spinel structure A 3+ tet (B 2+ B 3+ )octO 2− 4 belonging to the Fd3m space group with the lattice parameter of 8.394 Å. 6 Magnetite crystallizes in a slightly distorted face centered cubic (fcc) lattice having anion O 2− sites, cation Fe 2+ , and Fe 3+ sites, where all of the Fe sites in the tetrahedral configuration are Fe 3+ (i.e., Fe 3+ tetra ) and 50% of the Fe sites in the octahedral configuration are Fe 3+ (i.e., Fe 3+ octa ). The remaining 50% of the Fe sites in the octahedral configuration are Fe 2+ (i.e., Fe 2+ octa ). 2, 7 Along the ⟨001⟩ direction, Fe 3 O 4 has planes of Fe 3+ octahedral and tetrahedral sites with rows of oxygen. The surface has alternating rows of A layers and B layers, where the top surface of Fe 3 O 4 (001) has been shown to be comprised of tetrahedral Fe (A layer), octahedral Fe (B layer), where half the Fe lattice sites are vacant, and its 2 nd layer comprising O 2− anions and oxygen vacancy sites. 2, 5 At room temperature, in ultra-high vacuum (UHV), the surface of √ 2)R45 ○ unit cell and is terminated by octahedral-coordinated Fe atoms, according to low energy electron diffraction (LEED), scanning tunneling microscopy (STM) experiments, and density functional theory (DFT) modeling. [7] [8] [9] [10] [11] [12] [13] Two DFT models are used to describe the Fe 3 O 4 (001) surface, the subsurface cation vacancy (SCV) model and distorted bulk truncation (DBT) model. Although the SCV accurately describes the structure of the surface under UHV conditions, 2, 10, 14 the DBT model was found to have thermodynamic stability under high water coverage, which may be more suitable for modeling adsorption of other small molecules at high coverage. 9, 15 Under reaction conditions (high pressure and high temperature) in the scientific literature, the experimental and theoretical investigations of iron oxide single crystal surfaces have been welldocumented. 2, 5 On the surface of Fe 3 O 4 (100) , it has been shown that biaxial arrays of hematite are grown along the ⟨110⟩ direction under an oxidizing environment at 600 ○ C, 12, [16] [17] [18] [19] while water dissociates on Fe 3 O 4 (001) only at high pressures between 10 −4 and 10 −2 Torr. 12 Other iron surface chemistry from one of the more prominent reactions, the Haber-Bosch process, 1, [20] [21] [22] [23] has shown that the promotional effect of potassium and alumina on single crystal iron surfaces requires oxygen to enhance ammonia formation under reaction conditions. [24] [25] [26] For industrial Fe catalysts under high nitrogen (N 2 ) and deuterium (D 2 ) gas at 75 Torr and 425 ○ C, the microstructure of α-Fe, the active phase, was shown not to have any major dynamic phase change as measured by neutron diffraction measurements. 27 These studies and others have demonstrated how iron oxide crystals and nanoparticle surfaces 17 transform under a reactive gas atmosphere, making their surface chemistry complex under reaction conditions. Nitrogen (N 2 ) is prevalent in environmental processes, [28] [29] [30] but it is also a precursor for ammonia production. 31, 32 Understanding how N 2 binds and reacts to iron oxide surfaces will determine the role the sites play in fundamental surface chemical processes. It is well known that iron metal is used as an earth-abundant catalyst in the Haber-Bosch process 21, 32 that splits N 2(g) and H 2(g) to form ammonia, a key precursor in producing fertilizers. In this process, N 2 surface dissociation is the rate limiting step in the formation of ammonia by Ertl, 21, [33] [34] [35] [36] [37] [38] Somorjai, 25, [39] [40] [41] [42] [43] and others. 22, 28, 31, [44] [45] [46] This is a structurally sensitive reaction, in that the seven-coordinated Fe sites are the active sites on the Fe(111) surface for N 2(g) dissociation. 21, 31, 47 At high pressures and temperatures, ammonia formation is found to have the highest activity. 31, 33, 45 Another experimental study cited the core of the working iron catalyst is magnetite with a wüstite (FeO) shell, a reduced form of magnetite (Fe 3 O 4 ), which is shown to have the highest activity for ammonia production. 21, 27, 28 This existing knowledge can be extended to understand the fundamental reaction of N 2 on magnetite surfaces, an oxide with exposed iron surface sites, thus also having the potential for nitrogen dissociation.
To date, no experimental study has been done to measure N 2 adsorption on magnetite surfaces. This study aims to connect fundamental adsorption studies with changes under reaction conditions including near ambient pressures and high temperatures. It has been established that ambient pressure-photoelectron spectroscopy (AP-XPS) is an ideal technique to not only probe the interface region metal oxide materials but also measure the changes at the surface under dynamic gas exposures, near ambient pressures. [17] [18] [19] [48] [49] [50] [51] [52] Specifically, AP-XPS measures modifications in the surface electronic structure and the binding of molecules to the surface, utilizing the tunable synchrotron light source to probe the interface region, at low photoelectron kinetic energies (KEs). 18, 19, 49, 53 In this article, we aim to bridge the gap between N 2 adsorption under vacuum conditions to the near ambient pressure region under isothermal and isobaric conditions. These studies will not only provide information in the near ambient pressure range but also fundamental interactions of nitrogen binding to iron oxide surfaces that can be extended to other chemical reactions.
Here, it is shown that N 2 binds to Fe 3 O 4 (001) in two adsorption sites and results in changes in the electronic structure using AP-XPS and first principles calculations based on density functional theory (DFT). 10 We have measured the adsorption and reaction of N 2 near ambient pressure conditions, indicating that N 2 undergoes dissociative adsorption on magnetite. Analysis of the valence band region and density of states (DOS) provides atomistic details of the electronic structure of the surface under reaction conditions in near ambient pressure of nitrogen. 16, 54 Overall, the fundamental questions on surface active sites are addressed on Fe 3 O 4 (001). The AP-XPS experiments together with DFT calculations provide fundamental knowledge of iron oxide surfaces and insight into other nitrogen-based chemistries that affect our energy economy, agriculture industry, and related chemistries.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. AP-XPS experiments
AP-XPS experiments were performed at beamline 9.3.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory. 53 The 9.3.2 end station is equipped with a differentially pumped VG Scienta hemispherical analyzer with a 800 μm diameter aperature. 52, 53 The bending magnet spherical grating monochromator beamline has an usable energy range of 200 eV-900 eV capable of ΔE/E resolving power better than 1/1000. X-rays with variable photon energy were used to probe the top surface layers of a natural, polished Fe 3 O 4 (001) single crystal (4-5 Å surface roughness, Princeton Scientific). Due to the low inelastic mean free path, photoelectrons are ejected from the top surface layers at low kinetic energies. 55, 56 The valence band, O1s, C1s, and N1s regions were analyzed at a photoelectron kinetic energy (KE) of 250 eV. The Fe2p region was analyzed at a photoelectron kinetic energy of 143 eV (850 eV photon energy) due to the limitations of the monochromator cutoff at a photon energy of 900 eV. An experimental energy resolution of combined beamline and analyzer contributions was between 0.6 eV and 0.8 eV. For each region, a valence band spectrum was recorded at the respective photon energy for a proper energy calibration (valence band: hν = 255 eV; O1s: hν = 780 eV; C1s: hν = 535 eV; N1s: hν = 650 eV; and Fe2p: hν = 850 eV).
Before spectroscopic measurements, the Fe 3 O 4 (001) single crystal was lightly sputtered at 1 keV under a backfilled pressure of 1 × 10 −6 Torr of argon for 20 min at room temperature in a prep chamber attached to the main analysis chamber. This was followed by annealing at 600 ○ C under 3.6 × 10 −7 Torr of oxygen according to the cleaning procedure described in the literature. 2, 7, 57 The sample was then transferred to the analysis chamber of a base pressure of 1 × 10 −9 Torr. The spectra of the clean Fe 3 O 4 (001) crystal were collected on the sample prior to gas dosing. Hydrogen, oxygen, and nitrogen gases were dosed into the analysis chamber up to a maximum pressure of 100 mTorr.
Prior to the N 2 experiments for select data discussed, a reduction experiment was conducted under H 2 (gas). After the experiments, the Fe 3 O 4 (001) surface was reoxidized under 100 mTorr of O 2 gas near 500 ○ C. The valence band spectra were monitored to determine if the electronic structure of the surface was reproduced to the shape that is referenced as the Fe 3 O 4 (001) surface. [58] [59] [60] The surface was then exposed to N 2 (gas) through a variable leak valve by backfilling the analysis chamber to various pressures ranging from 1 × 10 −8 Torr to 1 × 10 −1 Torr at 25 ○ C. After exposure of N 2 isotherm at 25 ○ C, the pressure of N 2 was held at 100 mTorr. The sample temperature was increased to 400 ○ C under isobaric conditions before AP-XPS spectra were collected. This procedure was repeated for isobars at 450 ○ C and then 500 ○ C.
All spectra were charge corrected with respect to the Fe 2+ peak in the valence band region (1.2 eV from the Fermi level). The valence band, N1s, O1s, Fe2p, and C1s regions were deconvoluted into 100% Gaussian fits using a Shirley background subtraction. 61, 62 The N1s region was found to have two major contributions at 398.8 eV and 400.6 eV, respectively, that were fit with a 1:1 area ratio. A minor N1s contribution was fit near 402.3 eV. For the experiments that were prior treated in H 2 (gas), a small N1s peak was observed at 397 eV at elevated pressures higher than 1 × 10 −3 Torr with a corollary increase in the N 2 gas phase peak at 405.5 eV. The N1s region was analyzed prior to dosing N 2 to check for a clean background spectrum. It should be noted that a finite composition of molybdenum oxide (Mo3p 3/2 region) was detected in the N1s region after high temperature oxygen cleaning cycles from the reduction experiments with H 2 (gas) due to oxidized molybdenum from sample holder components. The nitrogen adsorbed surface species observed in the N1s region were reconfirmed from separate in situ experiments and ex situ analysis both at Michigan Technological University, as described below and in the supplementary material. After repeating these experiments and additional AP-XPS experiments ( Fig. 4 ), the raw signal from the N1s region (from the molybdenum oxide) was subtracted from the N1s region for that experiment prior to fitting the N1s data ( Fig. 5 ). The results are fully described in Sec. III. Assignments to the N1s binding energies (BE) are based on the computational analysis. The O1s peak was deconvoluted into two peaks: 530.6 eV assigned to the bulk Fe-O as the major O1s contribution and 532 eV assigned to Fe-OH as the minor contribution. 16, 63 The Fe2p region has been traditionally deconvoluted into two peaks each in the Fe2p 3/2 and Fe2p 1/2 regions. The lower binding energy between 708 eV and 710 eV is assigned to the Fe 2+ oxidation state, and the higher binding energy above 710 eV is assigned to the Fe 3+ oxidation state. 2, 64 We fit the Fe2p 3/2 region with three peaks: one representing the Fe oxidation state, another oxide feature shifted higher by 3 eV, and the satellite peak centered at 719.4 eV. The fitting of the Fe2p region has been fiercely debated in the literature 2,63-67 as to the proper way to fit this region; therefore, we do not make assignments to these peaks and only note the binding energy of the first Fe2p 3/2 peak to measure the oxidation state of Fe on the surface. The O1s and Fe2p regions are shown in the supplementary material. The C1s region was scanned during oxygen cleaning to check for surface cleanliness of the Fe 3 O 4 (001) single crystal.
B. Ex situ analysis of adsorption experiments
At Michigan Technological University, the Fe 3 O 4 (001) single crystal was mounted to a custom-designed resistive heater in a custom-built ultra-high vacuum (UHV) instrument with a base pressure of 1 × 10 −9 Torr. The chamber is equipped with a reverse view LEED and cylindrial mirror analyzer (RV2000, LK Technologies, Inc.), a triple filtered quadrupole mass spectromdeter (Hiden Analytical), an ion gun (IG2, RBD instruments), and ZnSe windows for polarized modulated infrared reflection absorption spectroscopy (PM-IRRAS) measurements. In a separate experiment to confirm the crystal structure and in situ adsorption, LEED was performed after sputtering the Fe 3 O 4 (001) single crystal. The sample was sputtered for 25 min at 1.5 keV at 11 μA at 5 × 10 −5 Torr of argon (research purity, 99.999%). Immediately after sputtering, the crystal was annealed at 600 ○ C for 5 min in UHV followed by annealing at 630 ○ C under a 3 × 10 −7 Torr of oxygen gas (research purity, 99.999%) for 20 min. The sample was cooled to room temperature, and LEED diffraction was performed at 68 eV.
A separate experiment was performed where the Fe 3 O 4 (001) crystal was sputtered and annealed, as described above. In situ Auger electron spectroscopy [(AES), CMA2000, LK Technologies, Inc.)] was performed on the Fe 3 O 4 (001) surface before and after nitrogen (ultra high purity, Airgas) adsorption. AES spectra were collected at a beam energy of 2.0 keV using 0.5 eV/step at 3 sweeps over a kinetic energy range of 20-800 eV. Nitrogen (6000 Langmuirs) gas was exposed to the Fe 3 O 4 (001) surface using a variable leak valve in the sample line of sight prior to recording the AES. The sample was then removed from the UHV instrument for ex situ XPS.
Ex situ XPS was performed on the Fe 3 O 4 (001) single crystal samples after the AP-XPS experiments in a PHI 5800 instrument equipped with a Mg anode of an 800 μm diameter analyzer aperature at a base pressure of 5 × 10 −10 Torr. The hemispherical analyzer is oriented 45 ○ with respect to the sample. The N1s, O1s, C1s, and Fe2p regions were collected using a pass energy of 23.5 eV, 20 ms/step dwell time and a 0.1 eV step size.
C. Theoretical models
The spin-polarized electronic structure calculations based on density functional theory (DFT) were performed using the Quantum Espresso Plane-Wave program package. 68 The core-electrons of Fe and O atoms were treated using the ultra-soft pseudo-potentials. To account for the strong 3d electron correlation for the Fe atoms, an on-site Coulomb correction with an effective U-J 69-71 value of 3.5 eV was used. 72 The Perdew-Burke-Ernzerhof (PBE) functional form was used for the exchange and correlation approximation to DFT. 73 The wave function and density cutoffs were set to be 65 and 785 Ry, respectively. Atomic positions in the periodic unit cell were allowed to relax until the total forces on each atom were less than 2.6 × 10 −4 eV/Å, and the self-consistency tolerance was set to 10 −6 Ry. Calculations considering only Γ-point were sufficient to yield the convergence of total energies within the numerical accuracy of 1 meV/atom. For DOS calculations, the integration of the Brillouin zone was made on a denser Monkhorst-Pack 74 k-point. The XCrySDen visualization package was used for structural visualization and post-processing analysis including the charge density
The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp plots. 75 Note that the accuracy and reliability of the modeling elements were benchmarked by the results obtained for the bulk Fe 3 O 4 , which has been well-characterized (see Table SI of the supplementary material). Specifically, the spin-polarized calculations predict the magnetic ordering to be ferrimagnetic for the cubic Fe 3 O 4 , in excellent agreement with experiments. In addition, the calculated bandgap of 0.24 eV agrees with what is predicted from XPS and STM experiments reporting that magnetite is characterized as halfmetallic above TV and the measured bandgap ranges from 0.14 eV to 0.3 eV. 76-78
Fe 3 O 4 (001): Surface slab model
The crystallographic c-axis ⟨001⟩ direction of Fe 3 O 4 contains stacking of alternating planes (subsurface) of the Fe 3+ tetra (A-layer) with the Fe 2+ octa and Fe 3+ octa (B-layer) sites. Despite its low-index simplicity, the bulk-terminated polar Fe 3 O 4 (001) surface has been challenging for scientific studies due to its diverging surface energy, unstable surface dipole moments, and existence of multiple spin states. 79 In calculations, stabilization of the Fe 3 O 4 (001) surface was achieved with two most common surface reconstruction methods: (i) the distorted bulk terminated (DBT) 9,15 Fe 3 O 4 (001) surface with a B-layer terminated (
2)R45 ○ reconstruction, which was observed experimentally, 80, 81 and (ii) the subsurface cation vacancy (SCV) 7 surface, which is the derivative of the DBT surface with additional interstitial tetrahedral Fe in the second layer replacing two octahedral Fe atoms that were removed from the third layer constituting the surface. Both simulation models have shown to have accurate and reliable prediction of the surface chemistry of magnetite, for instance, the SCV model has been shown to model the surface at low coverage of water leading to non-dissociative adsorption, while at high water coverage, the DBT model was found to have preferred binding for dissociative adsorption of water. 9 In this article, the DBT surface was simulated by a slab model consisting of 17 layers. This surface has an inversion symmetry with 8 A-type layers and 9 B-type layers, as shown in Fig. 1 . The unit cell has 16 Fe 3+ tetra atoms, 36 Fe 3+ octa atoms, and 72 O atoms. Note that the error due to the periodic image interaction was minimized by introducing a vacuum of more than 10 Å along the crystallographic c-axis from the exposed top surface. For the structural optimization calculations, the outer 12 layers (i.e., 6 A-and 6 B-type layers) were fully relaxed while keeping the inner 5 layers (i.e., 2 A-and 3 B-type layers) frozen to their bulk atomic coordinates.
Fe 3 O 4 (001): Surface cluster model
In order to calculate the N1s core level XPS structure on the oxide surface, cluster models were considered for DFT calculations. The cluster models were cut from the optimized slab unit cell used in the Quantum-Espresso calculations. No further geometry optimization was performed, and no terminating hydrogen atoms have been used to cap the cleaved bonds. The clusters are described in detail in Appendix B of the supplementary material. As shown in Fig. 2 , the slab and the cluster calculations predict the same trend for the N-atom absorption energies for the various sites. The calculated binding energies are influenced by the choice of the on-site Coulomb correction parameter in the slab calculation and the choice of the hybrid functional in the cluster calculation. Given these uncertainties, one should not expect a better agreement of the absolute values. However, the prediction of the same trend in both methodologies gives some confidence that the chosen clusters describe the local situation on the surface and should be suitable to estimate the core level shifts.
Since core level shifts are local effects, cluster models have been used for a long time 82, 83 to analyze the shifts due to changes in the environment of atoms due to adsorption, surfaces, or any other differences in neighboring atoms for materials including oxides. In the "initial state" approximation, the core-level shift is calculated as the difference between the core-level ground state energies of the respective atoms in different environments, assuming that effects of final states can be neglected or canceled. An in-depth discussion of the intricacies of calculating accurate XPS core level shifts by the cluster models can be found in Refs. 84 and 85. It should also be pointed out that the DFT calculations were performed in the gas phase and applied to solid examples. Therefore, the calculated results will not determine the absolute values of the core binding energies but will 84, 85 For the cluster models, all calculations were performed using the GAUSSIAN 09 software package. 86 Since the calculations are only exploratory, relatively small basis sets were employed: 6-31G basis set for O, 6-31G(d, p) for N and LANL2DZ for Fe. We used DFT with the hybrid functional B3LYP 87 form whose applicability is very well documented across a wide range of molecules. 88 In modeling solids, it is, however, not always as satisfactory. An excellent discussion of the role of Hartree-Fock exchange in the description of iron-oxide materials can be found in Ref. 89 . It is shown that B3LYP (20% exchange) correctly describes hematite as a charge transfer insulator but that a higher percentage (30%) is necessary when one is interested in the symmetry ordering of the unoccupied Fe d-orbital. Other properties were found to be less method dependent.
For magnetic atoms with open d shells, it is well known that the presence of several high spin-states in a narrow energy range, which leads to spin contaminations in the low-energy states just underlines the difficulties for calculations of the Fe 3 O 4 clusters. For each cluster, different spin multiplicities and charges were considered. Similar to the earlier (Fe 3 O 4 )n + study, it was found that some of the total energies of these clusters with different multiplicities lie within 1/2-1 eV [out of a total energy of about 10 5 eV (see Table SII and Fig. S3 of the supplementary material) ], which could explain the high degree of spin contamination. The lowest total energy was found for the Fe 9 O 2 2− quintet state, which describes a ferrimagnetic state (where the spins are aligned antiparallel but do not cancel as in the antiferromagnetic state) similar to the one found in the slab calculation (see Table IV of the supplementary material).
Since we encountered large spin contaminations 90 in the B3LYP results, we also tested the M06L functional 91 which was employed in a recent study on small (Fe 3 O 4 )n + (n = 1-3) clusters 92 because it yielded the best IR spectrum compared to the experiment. However, the M06L resulted in the same spin contaminations and gave more convergence problems for our clusters. With all these caveats, the results for the N 1s core level shifts can only be regarded as a first attempt to assign the observed features to N adsorption sites on the Fe 3 O 4 (001) surface. More details are given in Appendix B of the supplementary material.
III. RESULTS AND DISCUSSION
A. Atomic N adsorption energies on Fe 3 O 4 (001)
DFT slab models were used to predict the most probable adsorption sites on the Fe 3 O 4 (001) surface for a dissociated N 2 molecule. Adsorption energies of N atoms were computed on a DBT slab surface model at four different possible adsorption sites: (i) N at the Fe 3+ tetra site on the A-sublayer with a coverage of 0.5 ML, (ii) N at the Fe 3+ octa site on the top exposed B-layer with a coverage of 0.25 ML, (iii) N at the bridge site between two Fe 3+ octa sites on the top exposed B-layer with the coverage of 0.5 ML per bridge site, and (iv) N at the atop oxygen site, which is bonded to two neighboring octahedral Fe atoms. Adsorption energies were calculated as
where Etot is the total energy of the adsorbate and adsorbent systems, E slab is the energy of bare slab, and EN is energy of N atom adsorbate species in the gas phase. All calculations were done for an N atom approaching different adsorption sites, assuming that the N 2 molecule has already dissociated. The calculations using quantum espresso for the slab calculations and GAUSSIAN for the cluster models are done in the gas phase at T = 0 K. These kinds of calculations without entropic corrections have been successfully used to determine which adsorption sites are the most probable ones. We do not calculate probabilities for dissociation at different sites or reaction rates for which entropic and/or pV corrections are probably not negligible.
The calculated adsorption energies are presented in Fig. 2 , which includes the results obtained from the DBT slab and the cluster models. The adsorption energies both agree that the strongest binding of N occurs on the atop Fe 3+ octa atoms and the atop O atoms. Despite the A-layer Fe 3+ tetra site atoms have the same oxidation states in the bulk, on the DBT surfaces, the atop Fe 3+ octa atoms have one less oxygen bond when compared to the bulk (making the Fe 3+ octa atoms 5-coordinated), which leads to charge imbalance, resulting in a stronger binding of atomic N. The sites where atomic N is bonded to the Fe 3+ tetra atoms and bridge bonded Fe 3+ octa atoms having a lower adsorption energy.
After N is adsorbed to Fe 3 O 4 (001), the bond distances are significantly affected. The calculated bond distances are compared before and after atomic N adsorption on the oxide surface. For tetrahedral and octahedral adsorption sites, a significant local geometry relaxation is predicted. In the N-adsorbed configuration, the Fe atoms are moved out of their equilibrium bulk positions, resulting in the formation of sublayers (see Fig. S2 and Table SIII of the supplementary material). The Fe 3+ tetra adsorption sites moved 1.19 Å above the A-layer. Upon N atom adsorption, the tetrahedral coordination with oxygen atoms at the Fe 3+ tetra sites is preserved at the expense of one Fe 3+ tetra -O bond with an oxygen atom directly below the Fe 3+ tetra site. The Fe 3+ tetra -O bond length between the Fe 3+ tetra adsorption site and the oxygen atom directly below the Fe 3+ tetra adsorption site is increased from 1.90 Å to 3.09 Å and is accompanied by the increased inter-atomic distance of Fe 3+ tetra -Fe 3+ tetra from 5.95 Å to 6.64 Å. This is expected to lead to a significant effect of the Fe 2+ octa atoms, which are located on the third B-layer directly below the top tetrahedral Fe 3+ tetra sites. The Fe 3+ octa adsorption sites significantly protrude out of the top B-layer. This is expected to weaken the Fe 3+ octa -O bond for the oxygen atom, which is directly below the adsorption Fe 3+ octa site as the Fe 3+ octa -O bond, which has stretched from 1.99 Å to 2.68 Å, a difference of 0.69 Å. For the Fe 3+ octa bridge adsorption site, the Fe 3+ octa -Fe 3+ octa distance decreased from 3.06 Å to 2.81 Å and is compensated by O-O distance increasing from 2.45 Å to 2.89 Å. The oxygen atoms at the atop oxygen adsorption sites have also moved out of the bulk equilibrium position by 0.78 Å becoming exposed out of the top surface, as shown in Fig. S2 .
To visualize the changes in the charge density of how the surface changes after N adsorption, the charge density plots are presented for each binding site. In Fig. 3 , the charge density plots are shown for atomic N adsorbed to the Fe 3+ tetra site, Fe 3+ octa site, Fe 3+ octa bridge site, and the atop O site, which were obtained using the DBT slab models. The left column shows the charge density plots, and the right columns show the plots with the atomic positions indicated. The charge density on the bare Fe 3 O 4 (001) surface shows that the oxygen atop sites and the Fe 3+ octa sites are polarized, thus affecting the localized charge distribution around each atom on the surface. This is expected as these sites have one less Fe-O bond compared to their bulk counterparts, owing to the probability of stronger adsorption energies of dissociative N 2 binding. After atomic N is adsorbed, the charge is redistributed, thus changing the charge polarization of the surface sites. The noticeable effects are observed on the nearest neighboring oxygen atoms for the Fe 3+ tetra , Fe 3+ octa , and Fe 3+ octa bridge sites. For the atop O site, significant charge redistribution is observed on the oxygen atom at the adsorption site. These trends are in agreement with changes in the bond distances in the aforementioned discussion of the slab models. These predictions explain how the surface is changing before and after N adsorption on Fe 3 O 4 (001). Below, we present the observed AP-XPS spectra and predicted N1s core level binding energy shifts.
For the experimental studies, the Fe 3 O 4 (001) single crystal was exposed to a dynamic pressure of N 2 (gas) at 1 × 10 −8 Torr up to pressures of 100 mTorr at 25 ○ C. The surface crystal structure was confirmed separately after the Ar + sputtering and oxygen annealing by low energy electron diffraction (LEED) in a dedicated UHV instrument at Michigan Technological University (shown in Fig. S5 of the supplementary material). Here, the Fe 3 O 4 (001)-( √ 2 × √ 2)R45 ○ reconstruction was reproduced indicating a clean "Fe-dimer" surface at these conditions. 2 Figures 4 and 5 indicate that the Fe 3 O 4 (001) surface is active toward N 2 dissociative adsorption. Two observed features are apparent in the experimental AP-XPS spectra in the N1s region: 398.9 eV and 400.6 eV at pressures between 1 × 10 −8 and 1 × 10 −7 Torr of N 2 . As the pressure increased to 100 mTorr of N 2 , additional features appear at 405.5 eV and 397 eV. A peak at a binding energy of 402.3 eV is observed in the N1s region that may be attributed to either losses from inelastic scattering or a small fraction of an adsorbed species, as discussed below. This peak was necessary to fit the other features within the envelope in the N1s region.
To assign the N1s binding energy shifts in the AP-XPS, four adsorption sites were predicted for N on the Fe 3 O 4 (001) surface using DFT cluster models (as shown in Fig. S3 of the supplementary material): (i) N adsorbed on the Fe 3+ tetra site on the A-sublayer, (ii) N adsorbed on the atop Fe 3+ octa site on the top exposed B-layer, (iii) N adsorbed on the bridge site between two Fe 3+ octa sites on the top exposed B-layer, and (iv) N adsorbed on the atop O site, which is bonded to two neighboring Fe 3+ octa atoms. For the atop Fe 3+ octa adsorption (Fig. S3a) , Fe 3+ octa bridge adsorption (Fig. S3c) , and the atop oxygen ( Fig. S3d ) adsorption, the binding energies (BE) per N atom are calculated as
For the Fe 3+ tetra adsorption (Fig. S3e) , the adsorption binding energy is
(3)
The predicted N1s spectra in Figs. 4(b) and 5 that are based on the peaks associated with the N1s orbitals, as labeled in Table I , are simulated with a 0.75 eV broadening factor. The predicted spectrum was calculated by summing over the spin-resolved spectra (i.e., α und β electronic levels). For every Fe 3+ tetra or Fe 3+ octa bridge position, there are two atop Fe or O sites. Therefore, the predicted spectrum is normalized for two N atoms absorbed on top of two Fe 3+ octa or atop O sites, and one N atom adsorbed at the Fe 3+ octa bridge or Fe 3+ tetra position. The predicted XPS spectra were shifted by 12.45 eV to align the N 2 gas phase peak with the experimental AP-XPS spectra (405.5 eV) in Figs. 4(b) and 5. The atop Fe 3+ octa and O sites are predicted as the most probable adsorption sites based on the calculated binding energies. Figure 4 (b) shows that the (gray) spectrum can be interpreted as a two-peak structure due to N absorbed on the atop Fe 3+ octa sites (peak B) and atop oxygen atoms (peak C). This DFT spectrum accurately predicts the binding sites observed for a low coverage of N adsorbed to the surface, which coincides with the AP-XPS spectra at low pressures (below 1 × 10 −6 Torr). Adsorption on the reconstructed Fe 3+ tetra site (peak E) and the Fe 3+ octa bridge site (D) leads to an enhancement of the oxygen peak and a low energy shoulder, as shown in Fig. 5 . These predicted peak assignments correspond to the N 1s peak observed at the high pressures of N 2 (gas), above 1 × 10 −6 Torr.
Based on the DFT results, the AP-XPS peaks, 398.9 eV and 400.6 eV, are assigned to the N bonded to the Fe 3+ octa site and the N bonded to an atop oxygen site (N-O), respectively. The small shoulder at 402.3 eV can be assigned to either the bridge-bonded Fe 3+ octa site or the Fe 3+ tetra site, and it is difficult to say which site is preferred due to the small difference in binding energy. It is expected that N 2 dissociation occurs primarily on the Fe 3+ octa sites and once the atop Fe 3+ octa sites are filled, the dissociated N spills over to the neighboring O sites. No calculations on the reaction pathway were performed for N 2 dissociation on Fe 3 O 4 (001). However, the DFT binding energy predictions imply that N 2 must be first dissociated on this site before spilling over to other available surface sites (atop O, Fe 3+ tetra , and bridged Fe 3+ octa ). From the N1s peak deconvolution, 40% of the Fe 3+ octa sites are observed and occupied by atomic N and 40% of the remaining sites are from N adsorbed on atop O sites. This experimental result is consistent with the ratio of the number of sites on the top layers of the Fe 3 O 4 (001) surface that has 50% Fe 3+ octa sites and 50% N-O sites. Our assignments are in agreement with the XPS spectra of nitric oxide (NO) adsorption on a magnetite powder, where NO was found to have a binding energy of 400.2 eV. 93 The formation of NO 2 (cited at 406.5 eV) or N 2 O (399.2 eV) was not observed. 93, 94 In this experiment, a Fe 3 O 4 (001) surface was exposed to dynamic pressures of nitrogen, up to 100 mTorr. As the pressure is increased by backfilling N 2 (g) into the chamber at 25 ○ C, the peak areas were found to increase indicating slow adsorption on the surface as shown in Figs. 4(a) -4(c). In Fig. 4(a) , a small increase in the two adsorbed surface species in the N1s region is observed. After 13 h, the leak valve was closed and the pressure decreased to high vacuum, 1 × 10 −7 Torr. The two adsorption sites in the N1s region become very apparent in Fig. 4(b) . After the AP-XPS experiments, the Fe 3 O 4 (001) sample was removed from vacuum, exposed to air for three days, and rescanned using ex situ XPS (as described above). The two N − Fe 3+ octa and N-O surface species are visible in the N1s region, where the N-O peak is shifted up to 402 eV (up by 0.5 eV from the AP-XPS studies), from exposure to the ambient conditions. Although the N adsorption is slow, the data in Fig. 4 unambiguously show that N 2 (gas) adsorbs to the Fe 3 O 4 (001) surface. To measure the increase in surface species, the N1s peak areas in Fig. 4(a) were normalized to the Fe-O peak in the O1s region (see Fig. S8 of the supplementary material) and shown in Fig. 4(c) . The Fe-O peak at a binding energy of 530.9 eV is representative of the concentration of total surface sites on the Fe 3 O 4 (001) at the same kinetic energy of 250 eV. These peak areas in the N1s and O1s regions were corrected by dividing by the beam current at their respective photon energy, as described in Sec. II. Figure 4 (c) shows that both the N − Fe 3+ octa and N-O surface species adsorb over time in a Langmuir-like adsorption as N 2 (gas) increases.
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A separate experiment was performed on a Fe 3 O 4 (001) single crystal that was exposed to H 2 (gas) for reduction experiments (not discussed here) and reoxidized with the aforementioned oxygen annealing procedure. The Fe 3 O 4 (001) surface was annealed at 500 ○ C, near ambient pressures of 100 mTorr of O 2 while simultaneously scanning the valence band region. Once the valence band spectrum structure, specifically the Fe 2+ state ( 5 T 2g ) that is only observed in magnetite, was recovered, the Fe 3 O 4 (001) surface was recooled to room temperature for adsorption experiments. 54, 58 Figure 5 shows that upon increasing N 2 (gas) pressure to 100 mTorr, more nitrogen is adsorbed to the surface, producing the N − Fe 3+ octa and N-O species of higher intensity. Additional peaks appear with increasing pressure and the binding energies are assigned to these features as the N 2 (gas) phase at 405.5 eV and N bonded to a reduced Fe 0 site at 397 eV, respectively. The same N1s peak at 397 eV was observed on Fe(111) 35 and is likely due to a small amount of metallic Fe leftover from the prior reduction experiments and is only observed at high pressures. It is possible this surface could have more defect sites leftover from reduction experiments with H 2 (gas), thus enabling increased N1s signals in the AP-XPS experiments from adsorbed nitrogen species. Additional evidence of this is discussed below.
It is probable that nitrogen dissociation occurred on the larger number of defect sites in the experiments in Fig. 5 . Although adsorption is slow on the clean and reconstructed Fe 3 O 4 (001) surface, we attribute our observations in Fig. 4 that nitrogen dissociative adsorption to slow kinetics. Additional evidence is given in Fig. S6 of the supplementary material, where a separate in situ Auger electron spectroscopy (AES) experiment was performed in a dedicated UHV instrument at Michigan Tech. There, LEED (Fig. S5 ) and the AES spectra (Fig. S6) of Fe 3 O 4 (001) were recorded after the sputtering and oxygen annealing cycles to confirm a Fe 3 O 4 (001)-( √ 2 × √ 2)R45 ○ reconstructed surface prior to nitrogen adsorption. Figure S6 shows that after 6000L of N 2 (gas) adsorption, the relative nitrogen composition increases by 3% from the N KLL AES spectrum. These experiments suggest that after the natural oxide layer is removed, thus exposing the Fe 3+ sites, in situ adsorption of nitrogen occurs. This sample was later removed, and ex situ XPS spectra were recorded (not shown) and reconfirmed the adsorbed N − Fe 3+ octa and N-O surface species in the N1s region.
The Fe2p and O1s regions were also analyzed (see Figs. S7 and S8 of the supplementary material). The Fe2p region is deconvoluted into three different peaks. The first peak in the Fe2p 3/2 region, which indicates that the oxidation state of the iron oxide is present, yields a binding energy of 711 eV. This is within our energy resolution of 1.0 eV. The clean Fe 3 O 4 (001) is expected to have a binding energy below 710 eV from the Fe 2+ and Fe 3+ oxidation states. 16, 63, 64, 93 Due to the fact that the charge correction was with respect to the 1.2 eV peak (Fe 2+ ) in the valence band region, the corollary shift was not observed in the Fe2p region. No loss or gain of oxidation peaks were observed in the Fe2p region, suggesting that the addition of the atomic N does not change the surface significantly near ambient pressures of N 2 (gas).
In the O1s region, there is no direct evidence of a new O-N species, as shown in Fig. S8 . 64,95,96 A 1.5 eV shift is expected in the O1s region, resulting in the peak at 532 eV. However, this peak overlaps with the Fe-OH assignment, 16, 63, 97 and thus we cannot unambiguously assign this feature to atomic N adsorbed to the atop O site. Upon annealing to 400 ○ C (shown in Fig. S9 ), this peak area is significantly decreased in area suggesting that this species could be from desorption of N-O from the surface, as discussed in detail below. The N-O peak assignment in the N1s spectra in Figs. 4(a) , 4(b), and 5 is supported from previous studies of NO desorption on magnetite surfaces, 98 where NO was observed to desorb below 365 K (92 ○ C), while N 2 2 nd order desorption occurred at 800 K (527 ○ C). The data presented here confirm that the most observed sites, predicted by the adsorption energies from the cluster models, are the Fe 3+ octa sites and the atop O site.
B. Mixing of states-Valence band to explain structure
The electronic structure of the Fe 3 O 4 (001) surface [ Fig. 6(a) ] was examined near ambient pressure to describe the changes in the N1s peak areas of the AP-XPS spectra [ Fig. 6(b) ]. The valence band spectrum was analyzed due to its unique shape of the electronic structure of the surface and its representation of the DOS for iron oxide materials. [58] [59] [60] [99] [100] [101] The presence of the Fe 2+ states ( 5 T 2g ) that are only observed for Fe 3 O 4 materials and are present in our experimental valence band spectra, as shown in Fig. 6(b) . 58, 101 The Fe 2+ state is observed at 1.2 eV as a small shoulder close to the Fermi level. Upon increasing the pressure of N 2 , there is a sharpening of this state with a corollary increase in the N 2 gas phase peaks located between 11 and 15 eV in the valence band region in Fig. 6(b) . It should be noted that this valence band spectra [ Fig. 6(b) ] were collected on reduced Fe 3 O 4 (001), where the Fe 2+ state that is observed at 1.2 eV was broad (black spectrum) compared to the reconstructed Fe 3 O 4 (001) surface (gray spectrum). Accordingly, the peak at 1.2 eV, which has been cited as the Fe 2+ state ( 5 T 2g ), also has density contributions from N adsorbed to the Fe 3+ tetra site ( 6 A 1g ), as shown in Fig. 6(a) . 58, 60, 101, 102 The experimental valence band spectrum results in a summed contribution from all Fe 2+ and Fe 3+ sites on the bare surface, which can be fully predicted but complicated to deconvolute the different contributions when a full monolayer of atomic N is adsorbed to all the possible sites on the surface. After N 2 adsorption, the electronic structure increases Fig. 6(a) at the Fe 3+ tetra site ( 6 A 1g ), which could explain the sharpening of the peak at 1.2 eV (originally Fe 2+ peak) in the experimental valence band spectra [ Fig. 6(b) ]. The DOS plots in Fig. 6(a) suggest that the adsorption of atomic N largely affects the Fe 3+ octa and Fe 3+ tetra sites as shown by the increase in the t 2g states (as indicated by the red arrow). According to the models, the Fe 2+ site lies in the 3rd B-layer of the iron oxide surface, directly below the Fe 3+ tetra site, which may also affect the appearance of the valence band shape after atomic N is adsorbed. It is possible at near ambient pressures (100 mTorr) that the top surface Fe 3+ and O atoms become so saturated with adsorbed N that the layers within the lattice below become strained, thus affecting the Fe 2+ state in the 3rd B-layer. The fact that the peak at 1.2 eV in the valence band region is from adsorbed N on both the Fe 3+ octa and Fe 3+ tetra sites suggests that once atomic N adsorbs onto the Fe 3+ octa site, the site is reduced to a Fe 2+ site from a partial charge transfer, as observed from the strong increase in DOS Fig. 6(a) . This explains the increase in the FWHM of the N1s spectra upon increased N 2 exposure in the AP-XPS spectra in Figs. 4(a), 4(b), and 5. Additional explanation of the deformation of the Fe 2+ state in the valence band region can be found in the analysis of the bond distances in the DFT slab models presented above.
C. Annealing near ambient pressure conditions
Next changes of the AP-XPS spectra of Fe 3 O 4 (001) under dynamic pressure in 100 mTorr of N 2 are presented in Fig. 7 at temperatures that are representative under similar temperatures (400-500 ○ C) as for the Haber-Bosch process. 27 Upon annealing, atomic N adsorbed on the NO binding site and the Fe 3+ tetra site is removed from the surface, as shown in Fig. 7(a) . These binding energy assignments are further supported from the fact that NO desorbs from the surface at 365 K (92 ○ C). 98 In that study, NO was adsorbed to an oxidized polycrystalline iron foil resulting in the formation of NO 2 and atomic nitrogen. Combined N 2 desorption was observed in that study at 800 K (527 ○ C). This further supports our binding energy assignments in the N1s region that the peak at 400.5 eV is assigned to the N-O from atomic N adsorbed to the atop O site, and the majority of the surface species is assigned to atomic N adsorbed to the Fe 3+ octa site at 399 eV.
The valence band region was also analyzed under isobaric annealing conditions near ambient pressures of 100 mTorr of N 2 , as shown from the increase in gas phase, N 2 (2p) in Fig. 7(b) . There is a deformation of the ( 5 T 2g ) Fe 2+ state at 1.2 eV returning to the broadened appearance upon annealing to 400 ○ C. The remaining structure of the valence band spectrum is maintained up to 500 ○ C. This deformation at 1.2 eV can be interpreted as atomic N desorption from the surface sites. The valence band peak at 1.2 eV appears to have the same shape as before N 2 adsorption near ambient pressure (Fig. 6 ). The desorption of atomic N from the atop O sites and the Fe 3+ tetra site provides a release in the strain on the surface structure and the Fe 2+ This data show that although N 2 dissociative adsorption occurs on the Fe 3 O 4 (001) surface on the Fe 3+ octa site (and most likely initiated on defect sites), the slow adsorption on iron-based materials is possible albeit with slower kinetics. Once the N 2 molecule adsorbs on the iron sites, it is proposed that it dissociates into two N atoms, where one of the atoms spills over to the neighboring oxygen site, producing the observed N1s peaks in the AP-XPS spectrum. Upon increasing dynamic pressure of N 2 gas, it is possible for additional N 2 to dissociate and N atoms to bind to the adjacent neighboring Fe 3+ tetra sites, as predicted by the DFT models. The surface appears to restructure under the N 2 (gas), near ambient pressures, thus straining the lattice at the top layers of the surface. Although nitrogen desorbs upon annealing, this study may provide a foundation for understanding other nitrogen-based chemistries on iron oxide materials.
IV. CONCLUSIONS
We report that, for the first time, N 2 dissociatively adsorbs on the Fe 3 O 4 (001) surface using AP-XPS. Four different binding sites were predicted for N 2 adsorption on the Fe 3 O 4 (001) surface: Fe 3+ octa site, the atop O site, the Fe 3+ tetra site, and the N-bridged bonded Fe 3+ octa site using DFT models. Only the Fe 3+ octa site and the atop O site are experimentally observed with a minor component from the Fe 3+ tetra site. These conclusions are supported by the significant geometry and charge density changes in the slab models observed around the Fe 3+ tetra site and N-bridged bonded Fe 3+ octa site. The analysis of the DOS shows the appearance of a strong intensity at 1.2 eV and explains the sharpening of the AP-XPS valence band intensity upon N 2 adsorption to the Fe 3+ octa site from reduction to the Fe 2+ octa species. Additionally, adsorption of a full monolayer of N atoms could strain the sublayers on the Fe sites, such as those observed on the Fe 3+ tetra site, resulting in altering the electronic structure of the 5 T 2g Fe 2+ state. Upon annealing to reaction temperatures (400-500 ○ C), nitrogen is shown to desorb from the surface. The desorption of nitrogen from the O site and the Fe 3+ octa site reversibly relaxes the top surface layers, as observed in the valence band region and DOS. These results impact the fundamental adsorption chemistry of nitrogen-like molecules on one of the most prevalent structures of iron oxide that could uncover other chemical and catalytic mechanisms near reaction conditions.
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